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PETER HUBBER & RUSSELL TYTLER
CHAPTER 7
MODELS AND LEARNING SCIENCE 
Interest in models as a key characteristic of the knowledge construction processes 
of science, and as a critical feature of quality learning in science, has grown over 
the last two decades (Gilbert, 2005; Clement & Rea-Ramirez, 2008). Theoretical 
accounts of model based reasoning in science classrooms (Lehrer & Schauble, 2006) 
and in science itself (Duschl & Grandy, 2008) have challenged the dominance of 
syllogistic reasoning processes in writing about science education, and of simplistic 
accounts of the methods of science. Representation construction and modeling are 
closely related, and this chapter will draw on sequences from units on astronomy, and 
ideas about matter, to explore the links between model construction, interpretation 
and evaluation, and conceptual learning in science. In doing so we will explore the 
relationship between models, and representations more generally. 
The chapter will trace the way the teacher introduces, scaffolds and negotiates 
student representation/modeling to generate compelling explanations of astronomical 
phenomena and properties of samples of substance, and how students learn to 
coordinate these to produce and communicate understandings expressed through 
a variety of models. Accounts of the astronomy and ideas about matter sequences 
will show how multiple models are developed and coordinated, and lead to quality 
learning of concepts related to these topics. 
MODELS AND MODELING IN SCIENCE
There is wide agreement that the process of modeling and the models so produced 
have a central role in modern views of the evolution of science (Cheng & Brown, 
2010; Prins, Bulte & Van Driel, 2010) as, according to Crawford and Cullin (2004, 
p. 1381), “One of the most critical aspects of scientific work is the use of models to 
explain phenomena in nature. The overall goal of scientific work is to develop an 
understanding of how various parts of the natural world work. To do this, scientists 
make observations, identify patterns in data, then develop and test explanations for 
those patterns. Such explanations are called scientific models (p. 1381)”. Gilbert 
(1991) has suggested it would be helpful to define science as a process of constructing 
predictive models, as this definition incorporates both the process of science and the 
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nature of its product. Nersessian (2008, p. 392) adds the view that, “Creating models 
as systems of inquiry is central in the problem solving practices of scientists”.
Despite wide agreement of the central role played by models in the construction 
of scientific knowledge there is no unique definition of a model (Oh & Oh, 2011). 
However, Oh and Oh (2011) point out that the term ‘representation’ is commonly 
used when defining a model. For example, Nersessian (2008, p. 392) describes a 
model as, “a representation of a system with interactive parts with representations 
of those interactions. Models are representations of objects, processes, or events that 
capture structural, behavioural, or functional relations significant to understanding 
these interactions”. Models are designed with a specific purpose by the modeller 
(Van der Valk et al., 2007). There can be great variance in the entity, or target, which 
can be modelled. For example, a globe is a culturally accepted model of the physical 
object of Earth in space whilst the Big Bang model in astronomy represents an idea 
about the formation of the universe.
Models differ in terms of content, appearance and function, and can be categorised 
accordingly; various taxonomies of models have been developed. For example, in 
one type of classification Black (1962) distinguished between scale models, analogue 
models, theoretical models and mathematical models. Harrison and Treagust 
(1996) have added to this list by including chemical formulae, model or standard, 
and maps and diagrams. A different classification, used by Gilbert (2011, p. 5), 
includes:
• concrete models (for example, scale models, figurines);
• pictorial/graphic models (for example, blueprints, photographs, diagrams);
• mathematical models (for example, formulae, graphs, topographic maps);
• verbal models (for example, descriptions, scripts, directions);
• simulation models (for example, simulation games, crash test dummies); and
• symbolic models (semiotic models) (for example, words, numbers, mathematics 
figures).
Models may be concrete, like the Globe as a representation of Earth in space, or 
abstract, like mathematical models, such as Newton’s Law of Gravitation. Whatever 
the type of model, they all have in common a target system, which is the entity to be 
represented, a source and a s et of correspondence links between certain features, or 
attributes, of the source and those attributes of the target system under consideration 
(Norman, 1983).
The process of modeling is, according to Gilbert (1994), “the process by which 
a model is produced. It involves identifying the need for a model, establishing the 
purpose that the model is to serve, identifying a suitable source from which it may be 
derived, and producing the representation” (p. 8). The modeller selects only certain 
attributes of the target to be represented by similar attributes in the model (Lehrer & 
Schauble, 2003). The model only exists via the modeller’s interpretation of the target 
and so there is always an element of creativity involved in its design, related to 
its purpose (van der Valk et al., 2007). From this perspective different models can 
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represent the same target; different models can be constructed to represent different 
aspects of the same system (Oh & Oh, 2011).
A model cannot represent all attributes of the target otherwise it would be a copy. 
This perspective leads to a feature of all models in that they have limitations; both the 
model and target have attributes that do not correspond. A full explanation of a real-
world system therefore necessitates multiple models. Given that there are multiple 
ways of explaining or conceptualizing real-world systems competing or rival models 
are possible (Grosslight et al., 1991). For example, the nature of light has competing 
particle and wave models. Both models provide a fuller understanding of the nature 
of light than either of them singularly can provide. The following quote by Frisch 
(1972) highlights not only the characteristic of a model as human construction quite 
separate from the target it purports to represent but the epistemological view that 
models provide scientists with tools to understand the real world.
...we should not ask what light really is. Particles and waves are both constructs 
of the human mind, designed to help us speak of the behaviour of light in 
different circumstances. With Bohr we give up the naive concept of reality, the 
idea that the world is made up of things, waiting for us to discover their nature. 
The world is made up by us, out of our experiences and the concepts we create 
to link them together. (p. 105)
Oh and Oh (2011) suggest a reason for the multiplicity of scientific models is 
that models may be created in multiple forms of representation involving, “any 
semiotic resources, including linguistic entities, pictures, diagrams, graphs, 
concrete materials, animations, actions, gestures and their combinations” (p. 1118). 
Multiple representational formats are used in model-based reasoning. For example, 
Nersessian (2006) cites the example of Faraday and Maxwell who in reasoning 
about the electromagnetic field, “constructed visual representations of imaginary 
physical models, animated imaginatively, from which they derived mathematical 
representations, theoretical hypotheses, and experimental predictions (p. 700).”
There is a consensus view that the main purposes of modeling in science are to 
describe, explain and predict aspects of the natural world (Oh & Oh, 2011; Shen & 
Confrey, 2007). Models also act as a communicative tool in instances where scientists 
share their understanding with the scientific community and public. Models are seen 
as a ‘bridge’ or mediator connecting theory and the natural world (Koponen, 2007; 
Prins et al., 2010).
There is reasonable but not complete convergence in the literature about what 
constitutes a model, and the broader perspective on models has them overlapping 
considerably with ‘representations’. We view representations (following Peirce 
1930–58 – see Chapters 1 & 2) as signs that stand for something that will be 
meaningful to someone, and distinguish between a concept, its representation, and 
phenomena in the world. All models can, from this perspective, be classified as 
representations. However, not all representations are models. For example, student 
exploratory talk, gestures, drawings, enactments, and manipulation of artefacts 
P. HUBBER & R. TYTLER
112
can function as representations of emerging ideas and insights but would not be 
considered as models. We would view models as being more deliberate, abstracted 
and resolved, designed explicitly to explain or clarify an aspect of the world, whereas 
representations are in some cases highly situated and ephemeral (gestures, a metaphor 
conjured up ‘on the spot’, a preliminary sketch), serving both as part of the genesis 
of, and emergent constituents of a model. Representations are the fundamental 
resources, or tools, through which models are constructed and interpreted, or they 
can be models themselves. 
Therefore, the literature on models and model-based reasoning is highly relevant 
to our own concerns, and we would aim to contribute to that literature. Maintaining, 
however, the broader sense of representation is important from our pragmatist 
semiotic perspective in that these more fluid and ephemeral representations that lie 
outside the scope of the modeling literature are important aspects of how we come to 
learn and know in science. We view representations as a very broad range of symbolic 
and material resources and artefacts for supporting students’ reasoning processes, 
where they can function as both process markers and products of understanding. 
Maintaining this strong sense of process is central to our view of representations 
as the central focus in students engaging with the discursive practices of science. 
The focus on process drives this need to work with a construct that is broader 
than ‘model’, which tends to focus attention on the resolved, abstracted products 
conceived of as the end products of this process. 
USES OF MODELS IN THE SCIENCE CLASSROOM
Given that models and the process of modeling are fundamental aspects of science 
(Schwarz & White, 2005) it becomes important that students learn to use models 
in classroom activities (Cheng & Brown, 2010; Van der Valk et al., 2007; Lehrer & 
Schauble, 2003). Jadrich and Bruxvoort (2011) suggest that if students are 
constructing and evaluating models then they are involved in scientific inquiry. 
Modeling can assist students to express their understanding of the natural 
world and to visualize and test their ideas to help them develop higher levels of 
scientific understanding (Schwarz & White 2005; Schwarz & Gwekwerere, 2007; 
Passmore et al., 2009). There is wide support for model-based inquiry approaches 
in the classroom (Jadrich & Bruxvoort, 2011; Schwarz & White, 2005; Lehrer & 
Schauble, 2003). Modeling is not routinely practiced in schools (Schwarz & 
Gwekwerere, 2007) and so model-based inquiry approaches require modeling 
to be practiced by students on a sustained level (Lehrer & Schauble, 2003) and 
need to take account of the repertoire of models students bring to the classroom 
(Gobert & Pallant, 2004). Students need to generate their own models which are 
tested and evaluated alongside the scientific models introduced by the teacher or 
the textbook. Ramirez et al. (2008) have reported success, in terms of enhanced 
understanding of science, by students in reasoning with models using a guided inquiry 
approach.
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There is evidence that students may not understand the nature of models and 
process of modeling even when engaged in creating and revising models (Grosslight 
et al., 1991) and so it becomes important for students to not only be involved in 
creating, testing, revising, and using models; they also need to learn about the nature 
of models (Prins et al., 2009; Gobert & Pallant, 2004). Schwarz and White (2005, 
p. 167) point out that:
A model-centered, meta-modeling approach, which emphasizes learning about 
the nature and purpose of models, also has the benefit of enabling students 
to develop accurate and productive epistemologies of science. If one defines 
science as a process of model building, this helps students understand that 
scientific knowledge is a human construct and that models vary in their ability 
to approximate, explain, and predict real-world phenomena.
A model-based inquiry approach can assist students to develop a deeper understanding 
of subject matter and scientific skills, and a strong understanding of the nature of 
science (Schwarz & Gwekwerere, 2007).
Researching student model-based reasoning through inquiry is a major strand in 
the conceptual change literature (Clement, 2000; Justi & Gilbert, 2003; Lehrer & 
Schauble, 2006). Researchers in this area claim that the inquiry process centred on 
constructing, critiquing, testing and revising models provides a key mechanism for 
promoting student conceptual growth. Our own approach is broadly consistent with 
these strategies, but differs in detail with regard to specifics of how the models/ 
representations sit within the pedagogy, and the theoretical and practical end point 
outcome of the process. 
Our approach involves a systematic and explicit focus on students being 
challenged to generate, interpret, refine and justify representations as a key practical 
step in learning science concepts. While it differs from modeling approaches where 
the focus is on interpretation of canonical models, it is broadly consistent with 
aspects of some model-based reasoning work with a focus on model construction 
(Justi & Gilbert, 2003; Lehrer & Schauble, 2006; Clement & Rea-Ramirez, 2008). 
However, even here there are differences related to the theoretical underpinnings of 
the approach and interpretation of outcomes. Our account focuses on key affordances 
or enablers of different representational modes to support students’ reasoning around 
models. Our broad orientation continues a pragmatist tradition of inquiry into 
problem-solving through dialogue, debate and appeal to evidence, where inquiry is 
focused on resolving practical, situated questions (Dewey, 1996; Peirce, 1930–58). 
We focus on representations-in-use that are preliminary and situated, with a focus 
on the practice rather than a resolved end product. Allied with this, we view the 
process of representing as an emergent response to the need to explain a selected 
aspect of a phenomenon, and the representations / models themselves as inherently 
partial accounts. The task of explaining involves the situated generation, selection 
and coordination of these resources, often across multiple modes, rather than the 
building of a coherent mental construct.
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The following two sections provide case studies of teaching sequences that 
exemplified a representation construction approach that introduced students to the 
scientific models that explain simple astronomical behaviour and basic properties of 
matter. The RILS teachers Lyn and Sally taught the topic of Astronomy to their Year 
8 classes (13 year-old students) whilst Therese taught the topic of Ideas about Matter 
to her Year 7 class (12 year-old students). The case studies are used to examine the 
way sequences of models are constructed, interrogated and coordinated to support 
student reasoning and learning of science concepts, and to develop students’ meta 
representational competence. 
CASE OF LYN & SALLY: TEACHING ASTRONOMY
The topic of astronomy was one of three topics that were taught by the two 
experienced secondary school teachers, Lyn and Sally, as part of the RILS project. 
The curriculum content of the topic included explanations of astronomical 
phenomena such as day/night cycle, seasons, phases of the moon, tides and gravity. 
The astronomy sequence has been chosen as a case in this chapter as it illustrates 
the ways in which explanatory accounts of day and night, or the seasons, or moon 
phases, involve the construction and coordination of a range of visual/spatial models 
of the Earth – Moon – Sun system, each of which is partial, focuses on specific 
aspects of phenomena, and works to constrain and focus attention on these.
The generation and coordination of even the simplest astronomical models can 
be problematic for students. For example, Padalker and Ramadas (2008) suggest 
that whilst most students at junior secondary level understand that we live on a 
spherical Earth suspended in space, “it is rare that students are able to use this model 
in interpreting and reasoning about everyday phenomena” (p. 55). Explanations of 
astronomical phenomena such as the day-night cycle, seasons and phases of the 
moon require of the learner abilities of spatial visualization, which is the ability 
to imagine spatial forms and movements, including translation and rotations, and 
spatial orientation or perspective taking (Hegarty & Waller, 2004). Padalker and 
Ramadas (2008) add that students also need to coordinate views from locations on 
Earth and from space. The locations on Earth need to include those in the Northern 
and Southern hemispheres.
Explanations of the day/night cycle, phases of the moon, seasons and the tides 
make use of Copernicus’ heliocentric model of the solar system that involves a 
spherical Earth rotating on its axis and revolving around a spherical Sun, and a 
spherical Moon rotating on its axis and revolving around the Earth. The dynamic 
system of three celestial objects is held together by gravitational forces. In developing 
an understanding of this complex model Lyn and Sally constructed a sequence of 
activities that began with a basic model of Earth as a spherical object in space and 
then exploring more complex models leading to the Copernicus’ heliocentric model 
of the solar system. An account of these activities is given in the following sections 
which begin with the introduction of the globe as a model of Earth in space.
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Introducing the Globe as a Model of Earth in Space
Lehrer & Schauble (2003) suggest that physical models are fruitful places to begin the 
modeling game, which is what the teachers employed to begin the lesson sequence. 
They presented the Year 8 students with a globe as a culturally accepted scientific model 
which represents Earth as a spherical object in space. The ways in which the globe can 
be considered a representation of Earth are often not explicitly discussed by teachers. 
Sally and Lyn began by explicitly discussing the partial nature of representations in the 
context of eliciting from the students both positive and negative attributes of Earth as 
being represented by the globe. This was done as a brainstorming exercise.
In Sally’s class the students quickly generated the following list of attributes 
(Table 7.1) which were written on the board.
Table 7.1. Students’ responses of positive/negative attributes 
of the Earth that are shown/not shown by the globe
The Globe shows The Globe does not show
Earth is round Day & night
Earth has oceans Gravity
Earth rotates about axis Weight of Earth
Earth is tilted Mountains
The students’ response that Earth’s mountains were not represented by the globe 
opened up further discussion. Sally made explicit links between different modes of 
representation in generating the view that because of the very small scaled size of the 
globe when compared to the size of the Earth the mountains would be represented 
with negligible height on a globe. She did this by getting the students to explore 
the globe through sight and touch. This raised an issue of conflicting findings as, 
by sight, it did not appear that mountains were represented. However, by touch the 
students could feel slight bumps on the globe in the region of the Himalayas.
The issue of whether the mountains were accurately represented by the height 
of the bumps was then explored by the class. Sally introduced the mathematical 
idea of diameter gesturing its meaning on the globe and illustrating this on the 
board (Figure 7.1). She then explained the scaling process using hand gestures 
linking the numerical values for the Earth and globe diameters and the height to 
the highest mountain, Mount Everest, written on the board to the actual globe. The 
scaled globe height for Mount Everest was given by Sally as 0.01 cm, which the 
students converted to 0.1 mm. Finally, the students were asked to get out their rulers 
to then look at them to see what distance 0.1 mm might look like. The question, 
“Can the globe represent mountains?”, asked of the class by Sally, was then 
emphatically answered by the students as “no”. To create a coherent narrative of her 
reasoning to establish that Earth’s mountains could not be represented in the globe 
the video record showed Sally moving flexibly between multiple representational 
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modes – gesture, talk, diagram, and 3D model. In regularly questioning the 
students during this process she ensured that the students were able to follow her 
reasoning.
Figure 7.1. Copy of Sally’s board work.
Constructing and Testing Dynamic Models of Celestial Objects
A key aspect of the Sun, Earth and Moon model is their relative motion with respect 
to each other; in particular, the motions described as rotation and revolution. It was 
these types of motion that were explored by Lyn and Sally’s classes following their 
discussion about the globe as a physical model of the Earth. 
Lyn spent some time connecting the everyday language of orbit and spin with 
revolution and rotation. The meaning to the scientific terms was generated through 
the use of everyday language. This was done initially by Lyn when she asked the 
class, “What are some of the movements that you know that the Earth does?”. The 
student responses included, “Spin, revolve, rotate, turn, orbit”.
In Sally’s class the initial discussion about the types of motion Earth undertakes 
involved students being requested by Sally to re-represent verbal statements such as 
‘it turns on its axis’ to indicate their understanding by manipulating the globe. 
Sally: Can you show the class what this means with the Globe [student 
demonstrates with the Globe].
Both teachers gave their students a representational challenge to initially pair up 
and show, through the physical action of their bodies, the motions of rotation and 
revolution. The students were able to demonstrate their understanding of these 
motions through the role-play models they constructed.
From this initial challenge the teachers each set a further challenge for the students 
that involved them reasoning with their role-play models. 
In Sally’s class pairs of students were challenged to show if it was possible to 
revolve around each other. It was evident that the students found this representational 
challenge a problem in that there wasn’t a solution readily apparent to them. 
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However, the video record showed that through the interplay of discussion and 
physical movement several pairs of students came to a solution. The students 
reasoned that in ‘running’ their role-play models each partner in the pair felt that 
from their perspective they were revolving around their partner.
In enacting a representation construction approach the student generated models 
were evaluated by the class who determined if the models satisfied the parameters 
of the challenge. When one pair of students successfully presented their role-
play model as a solution to the challenge Sally then presented them with a further 
representational challenge. She asked, “How would you show what you did on the 
board? I want you to think about different ways of showing a representation of a 
concept or a phenomenon.”
The students initially found this representational challenge difficult which they 
resolved through ‘running’ their role-play model. The students came up with a 
diagram (Figure 7.2 left image), drawn by one of the partners, after realising the 
need to have a central point of revolution. The video record showed the students 
constantly moving between their role-play model and their diagram discussing how 
to link corresponding elements of the role-play model and pictorial representation.
Sally then asked the pair to re-represent the diagram showing just the paths of 
the feet; this is shown by the diagrams on the right in Figure 7.2; one student’s 
representation is shown on top, the other student’s representation is shown below. A 
realisation then came from each student that the feet trace out intersecting circles. 
Figure 7.2. Video record of student generated representations of two objects revolving about 
each other.
This activity led to a discussion, initiated by Sally, about mutually revolving 
celestial objects found in binary star systems and which exist in the universe. The 
representational challenge of re-representing the role-play in terms of a 2D drawing 
enabled the students to gain greater insight into the motion of mutually revolving 
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objects than via the role-play model alone. The visual/spatial record revealed the 
patterns of movement over time, and the centre of these revolutions.
The modeling process in science involves a two-way mapping exercise between 
the model and the target. The attributes of the target are mapped onto a suitable 
model with corresponding attributes. The model is then interrogated to determine 
if other attributes of the model can be mapped onto the target. In this instance the 
model is used as a tool to make predictions about aspects of the target. 
In this activity Lyn and Sally had students beginning with the role-play model 
and then explored what attributes of the model might correspond to the target. 
Lyn’s phrase to the students in relation to this activity was, “Let’s do some reverse 
thinking”. With the guidance of the teachers the students found applications of their 
models to represent the motion of stars within binary star systems and the revolution/
rotation motion of the Moon with respect to the Earth.
Thus, in these activities the role-play model was used as a reasoning tool to 
enhance student learning. This was evident in the video record, and also in interview 
with students endorsing the role-plays as providing fresh insights. For example, 
one student responded: “I found the orbiting and noticing which wall you were 
looking at. If the moon was rotating, that helped, because up to that point I didn’t 
think the moon was rotating. If you were looking at different walls then you knew 
it was rotating”. Rather than just being told that the moon rotates was not enough. 
The student recognized this through the running of the model. The kinaesthetic 
experience of the role-play model gave this student the reasoning tool to consolidate 
the idea of the moon rotating as it orbited.
Models of the Day/Night Diurnal Cycle
Both teachers explored with the students three different representations of Earth’s 
day/night cycle. These included:
1. a globe representing Earth in space and a torch representing the Sun;
2. a time lapse photograph (Figure 7.3) taken over a period of five hours of the 
setting Sun over Antarctica on the Summer solstice (Southern Hemisphere); and
3. a diagrammatic explanation of day and night for an observer in the Southern 
Hemisphere (Figure 7.4).
Lyn’s approach was to first present the students with a globe which she had attached 
two small figurines. She explained that one figurine, called Bruce, represented 
an observer in Melbourne, Australia and the other figurine, called Chuck, which 
represented an observer in Los Angeles, USA. A strong light source, representing 
the Sun, emitted light that illuminated the globe. Lyn slowly rotated the globe and 
in doing so asked the students what Bruce and Chuck were doing in their daily lives 
for particular orientations of the globe with respect to the light source. For various 
orientations the students were able to correctly predict plausible actions of Bruce 
and Chuck. For example, for one orientation “Bruce is sleeping” whilst “Chuck is 
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having lunch” or “Chuck is getting out of bed” whilst “Bruce is just going to bed” 
for another orientation. The class then evaluated this model when Lyn asked, “Has 
this representation explained day and night?”
Lyn then presented the students with paper copies of the time lapse photograph 
(Figure 7.3) and the diagrammatic representation of day and night (Figure 7.4). 
Discussions ensued as to how these representations are linked to the globe/strong 
light source model and each other. For example, Lyn asked the students to explain 
using the globe/light source model how the images of the Sun in the time lapse 
photograph could arise. One student demonstrated his understanding by manipulating 
the model to indicate that one full rotation of the globe still illuminated the South 
Figure 7.3. Time lapse photograph of the setting/rising Sun over Antarctica (Wayne Papps, 
photographer Australian Antarctic Division).
North pole
Night
Day
Figure 7.4. A diagrammatic representatin of day and night for an observer in the 
Southern Hemisphere.
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Pole end given the tilt of the globe’s axis. This activity was an example of explicit 
mapping across different modes of representations.
In a later lesson Sally showed the students an animation of a rotating Earth being 
illuminated on one side by a distant Sun. This dynamic representation was critiqued 
by the class in terms of its affordances and constraints in explaining aspects of the 
day/night cycle. The students were quick to point out that the representation didn’t 
show the tilt of the Earth with respect to the plane of its orbit around the sun.
Models of Lunar Phenomena
Towards the end of the sequence the teachers allowed the students to choose their 
own representational forms when attempting the representational challenges. For 
example, Sally presented the students with a representational challenge, where pairs 
of students were given 10 minutes to work on a suitable explanation of the key ideas 
expressed in the following text taken from a website source (Larson, 2008):
The dark side of the Moon is the hemisphere that is facing away from the SUN 
and thus is not getting any light. Since the Moon does not have an atmosphere, 
the dark side of the Moon is very, very, very dark! When we are viewing a new 
Moon, we are looking at the dark side (which is usually slightly lit by light 
reflected from the Earth). During a new Moon, the dark side is the same as the 
near side. When we are viewing a full Moon, the dark side is opposite from 
us – the dark side is the same as the far side here. In between the new Moon 
and the full Moon (and back to new again), we are seeing various fractions of 
the Moon lit by the Sun, and the remaining fractions being the dark side. So, 
the near side is that side always facing the Earth, the far side is the side always 
facing away from the Earth. The dark side is the side facing away from the 
Sun, and the bright side is the side facing towards the Sun.
One pair of students was asked to present their explanation to class. They chose 
to use a globe to represent the Earth, a torch to represent the Sun and a ping pong 
ball to represent the Moon. In their explanation they also showed that the Moon 
was orbiting in a different plane to the Earth to account for the observation that 
the Moon does not eclipse every half cycle. This conclusion was also reached by 
another student pair in its deliberations in unpacking the text. This was illustrated in 
a comment made by one of the students in a post-topic interview.
…with Harry we were doing the phases of the moon when we drew it (on an 
orbit diagram) we thought if the moon was here [indicating the location of the 
full moon] there would have to be an eclipse but if the moon was tilted up in 
relation to the earth and the sun then this could happen. We understood it a lot 
better.
To interpret the text related to the dark side of the moon another pair of students 
constructed an annotated diagram (Figure 7.5). The diagram provides two 
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perspectives, one by an observer looking down from above Earth and the other from 
an observer located in Australia.
Figure 7.5. Student’s re-representations of the dark side of the moon text.
The case study of Lyn and Sally’s sequence on the sun-earth-moon system 
demonstrates a number of aspects of modeling within a representation construction 
approach, for instance: 
• reasoning about astronomical phenomena involved the coordination of a variety 
of models, each of them providing a selective focus;
• the representational challenges involved students constructing models, extending 
the use of existing models, coordinating models, and identifying the particular 
affordances of each;
• the coordination of models involved mapping of attributes across models, and 
between models and target phenomena; and
• students were engaged in meta-representational thinking about the nature of 
models and their affordances, modeling, the adequacy of models, and fit for 
purpose.
The reasoning illustrated in the case can be understood as movement around the 
Peircian meaning making triad, coordinating multiple models with aspects of lunar/
solar phenomena to generate meaning. 
CASE OF THERESE: TEACHING IDEAS ABOUT MATTER
Therese was a secondary school teacher with just three years’ experience who taught 
the topic of Ideas about Matter to her Year 7 students. The curriculum content of 
the topic involved the states of matter and their properties and introduction to the 
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particle theory. Therese’s participation in the RILS project was only in relation to the 
teaching of this topic. The Ideas about Matter sequence has been chosen as a case in 
this chapter as it illustrates the ways in which explanations of specific macroscopic 
behaviour of matter involve the construction of particle-type models of the sub-
microscopic domain. In focusing on a particular property of matter the particle-type 
models are designed with a specific purpose in mind and are therefore partial in 
nature.
Whilst the particle theory of matter is commonly introduced into the early years of 
secondary schooling in most countries the research shows poor understanding of the 
theory among secondary school students (Kind, 2004). Johnson and Papageorgiou 
(2010) advocate a different teaching approach to the common three states of matter 
framework when introducing the particle theory whilst Adbo and Taber (2009, p. 758) 
argue that particle models are often taught “as unproblematic representations of 
nature, with no explicit acknowledgement that what are being discussed are models. 
Often the scope, limitations or roles of these models are not presented to learners.” 
This finding supports Lehrer and Schauble’s (2003) argument that modeling by 
students needs to be practiced on a sustained level in the classroom. This was the 
case in Therese’s teaching sequence where students constructed, critiqued and 
modified models to explain specific macroscopic properties of matter. In addition, 
Therese chose not to introduce the particle model through the three states of matter. 
Instead, she gave series of representational challenges with the students constructing 
models of samples of substances with respect to specific properties of the samples. 
The particle model is often introduced to students as a set of key elements such as 
the following set described by the Year 7 students’ textbook:
• According to the particle model:
• All substances are made up of tiny particles.
• The particles are attracted towards other surrounding particles.
• The particles are always moving.
• The hotter the substance is, the faster the particles move. (Lofts & Evergreen 
2006, p. 86)
Therese chose not to introduce all of these elements when introducing the particle 
model. Instead, she gave a series of representational challenges where students 
would engage with one or two of the elements of the particle model at a time. An 
account of classroom activities is given in the following sections which begin with 
an exploration of the properties of samples of substances.
Exploration of the Properties of Samples of Substance
Early in the sequence Therese followed up issues that arose during the pre-test. These 
involved students’ alternative conceptions that substances like oxygen or carbon 
dioxide are always gases. Students also tended to classify matter as solids, liquids 
and gases without being aware of the possibility of mixtures. Therese negotiated the 
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language of sample, substance and object to clarify distinctions within categories of 
matter. An object is made of substances and samples of substances can be in different 
states. The class also negotiated representations of the range of substances and states 
of matter, including the Venn diagram and continuum representations described in 
Chapter 3. These approaches drew on the ideas of Johnson and Papageorgiou (2010). 
Also, following the pre-test, early lessons in the teaching sequence involved the 
students exploring the macroscopic properties of different substances. For example, 
investigating the properties of a rubber band or a stick of chalk and finding that the 
rubber band was elastic whilst the chalk was brittle. 
Introduction of Particles as Constituents of Matter
Particle ideas were introduced to the students to construct their own models to 
explain specific properties of a sample of a substance. The students were told that 
scientists, whilst being unable to see inside matter, imagine samples of substances to 
be composed of tiny particles. A discussion arose as to evidence to support this view 
with the class concluding this this idea was plausible as any object can be physically 
destroyed into small and smaller parts. The view that samples of objects could be 
made up of particles was already evident in the students’ prior knowledge. Figure 7.6 
is a schematic of the two types of representations drawn by the students in the pre-
test when they were asked to draw what they could see if they had a super-magnified 
view of solid wax. 
Figure 7.6. Student representations of a super-magnified view of solid wax.
Representing the Macroscopic Property of a Solid to Hold Its Shape
The students were initially set a representational challenge to construct a model, 
using a pictorial representation of particles, to explain one aspect of a target, which 
in this case was the property of a piece of paper to hold its shape. After students 
undertook this task three students were chosen to share their models with the rest of 
the class after they drew them on the board (Figure 7.7). Each model was evaluated 
by the class as to whether it served its purpose, that is, to explain using particle ideas 
how the piece of paper could hold its shape. The class agreed that the middle and 
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right models fulfilled the purpose in that there were particles that were connected. 
The model on the left was judged to show particles but not connectedness. This model 
might be construed as representing a microscopic view of the paper, showing fibres, 
but this was not explored by Therese with the particular student who constructed the 
model.
Figure 7.7. Year 7 students’ particle models to explain how a piece of paper holds 
its shape.
The student who constructed the middle model in Figure 7.7 spoke about the links 
between the particles as being bonds. Therese spoke about how this term was used 
by scientists when describing the connections between particles. Whilst there wasn’t 
any class discussion as to a preferred way to represent bonds subsequent to the class 
critique of these three students’ models all students began drawing lines between 
particles in their models when representing bonds.
Again drawing on the key element of the particle model that particles are 
attracted to surrounding particles another challenge for the students was to draw 
particle models to explain why a rubber band is able to be stretched without breaking 
(Figure 3.9 in Chapter 3 provides examples of student models that are scientifically 
correct). Figure 7.8 below shows another student model, however, this one indicates 
an alternative conception where the student has indicated that the particles are also 
stretched.
Before stretching After stretching
Figure 7.8. Year 7 student’s particle model to explain the property of a rubber band to 
stretch without breaking.
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Introduction to the Concept of Temperature from a Particle Perspective
The following activities undertaken by the class revolved around Therese’s objective 
for the students to find meaning for the concept of temperature from a particle model 
perspective. The pre-test indicated that two alternative conceptions, held by most of 
the students, needed to be addressed. These were that the temperature of an object 
could reach less than −1000 °C and molecules inside liquids and gases are moving 
but in solids they are stationary.
Therese initially presented the students with the scientific fact that the temperature 
of an object cannot be any less than −273 °C and that temperature is understood by 
scientists as a measure of the motion energy of the particles that make up the object. 
As part of a class discussion Therese gave a small group of students the challenge 
to create a role-play model of a piece of paper showing the property of the paper to 
hold its shape to be critiqued by the rest of the class. The students grouped together 
quite closely linking arms to represent bonds. 
Therese then asked the students to modify their role-play model to now account for 
the dual properties of the paper’s ability to hold its shape and be at room temperature. 
The students initially found they couldn’t individually move but could do so if they 
made some space between themselves. The students displayed a vibrating motion, 
to present the temperature of the paper, whilst holding hands, to represent the ability 
of the paper to hold its shape. Therese then quizzed the students on the type of 
motion they were undertaking. This led to a description of the motion as vibration, 
which Therese confirmed as a word that scientists use for particle motion of samples 
of substances in the solid state. Therese then asked the whole class to re-represent 
the role-play model in a pictorial representational mode (Figure 7.9). The particle 
models in Figure 7.9 show two different ways of representing motion. This raised an 
issue for the class in terms of communicating ideas though symbols. It was agreed 
by the class that where symbols may not be commonly understood annotations may 
be required for the pictorial models. This is seen in the Figure 7.9 models.
Figure 7.9. Student’s particle models to explain the dual properties of a piece of paper 
holding it shape and be at 23 °C.
Multiple Models to Explain Macroscopic Behaviour of Matter
When challenged to construct particle models showing different samples of 
substances, like paper and plastic, the students created quite different models 
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(Figure 7.10). The three models in Figure 7.10 are quite distinct and yet were all 
judged by the class in terms of fulfilling their purpose, that is that paper and plastic 
are made up of small particles. The top model in Figure 7.10 represents the particle 
quite differently. It shows a movement away from the textbook convention of 
representing particles as circles. The other two models in Figure 7.10 show variation 
in particle arrangement and variation in bonding. Whilst none of these models would 
ever be found in a textbook they are nonetheless valid models in terms of their power 
to explain the given properties of the samples of substances that were given. What 
would be useful as an extension activity to a class critique of these models would 
be a discussion as to what other properties of paper and plastic are shown in these 
models.
For instance, whilst the intentions of the students drawing these models are not 
known one might argue, say for the middle model, that the close arrangement of 
the particles represents another property that the plastic is stronger than paper. For 
the bottom model the allowance for the bonds between the plastic particles could 
account for the property of the plastic to stretch whereas this is not represented 
in the bonds between the paper particles representing the paper’s inability to 
stretch. The teacher could also add to this discussion by suggesting that scientists 
believe that different properties of samples of substances can be accounted for in a 
number of ways that include the types of particles, their arrangements and types of 
bonding.
Models of States of Matter
The application of the particle model to explain the states of matter occurred well 
into the teaching sequence although there were some challenges where students 
needed to represent samples of substances in different states. Figure 7.11 shows 
two examples of models of chocolate constructed by the students. The top model 
has represented the change of state with increased bracket symbols to represent an 
increase in temperature and curved lines between the particles to represent decreased 
bond strength. The bottom model shows an alternative conception where the student 
believes that the particles undergo the same macroscopic behaviour as the sample 
of substance.
To formally introduce the particle model to explain changes in state Therese 
showed the students a series of animations of particles in a solid, liquid and gas state. 
The animations also represented samples of substances changing state. She asked 
the students to first of all describe the motion of individual particles in each of the 
states. The students had already established that the particles representing a sample 
in a solid state were vibrating. They came to a consensus view that the particles 
representing the sample in a liquid state were moving around each other and that the 
particles representing the sample of a substance in a gaseous state were moving in 
straight lines. She then gave the students the challenge to represent the three states 
of a sample of a substance in pictorial form.
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To offset the need to annotate their models where different symbols were 
used Therese initiated a class discussion whereby the class came to a class-based 
convention to illustrate particle movement representing different states. This 
is shown in the top model of Figure 7.12 where brackets were used to represent 
particle vibration, curved arrows to represent particles moving around each other 
and straight arrows to represent particles travelling in straight lines. Class consensus 
We can tear up pieces of paper and plastic
into small pieces.
PLASTIC REPRESENTATION
PLASTIC REPRESENTATION
PAPER REPRESENTATION
PAPER REPRESENTATION
PLASTIC REPRESENTATIONPAPER REPRESENTATION
What we imagine
What we see
Figure 7.10. Three students’ particle models of paper and plastic.
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of the symbolic representations used by the students only occurred for the meanings 
of symbols representing particle movement. Students were at liberty to use their own 
symbols if annotations also accompanied the symbols. This is shown in the bottom 
model in Figure 7.12 where the student has represented particle vibration differently 
to the class convention and has represented strong bonding with thick lines.
As for the astronomy case, the modeling practice in this sequence illustrates 
the nature of representational challenges, involving students extending their 
representatonal resources, the public negotiation of the adequacy of the models, the 
existence of a range of acceptable models without a sense of homing in on one 
solution, and the promotion of meta-representational knowledge of the construction 
and role of models in knowledge building in science. This modeling practice, we 
would claim, mirrors the modeling practices in science itself. 
SQUISHY CHOCOLATE REPRESENTATIONSOLID CHOCOLATE REPRESENTATION
Figure 7.11. Student particle models of chocolate melting.
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TEACHER SUPPORT OF MODELING
The cases above demonstrate considerable pedagogical skill achieved by teachers 
in developing representational challenges and supporting modeling practice through 
challenge, and public negotiation of representational adequacy. They became adept 
at framing the challenge and the support to allow students freedom to produce a 
variety of models but constrained to the extent of arriving at productive outcomes. 
The sequences constitute clear evidence that these three teachers had a sophisticated 
understanding of the relationship between models and knowledge and learning in 
science. 
With the primary school teachers we had the opportunity to observe the growth in 
sophistication of support for modeling practice, and the effect of this on the quality of 
student models. The animals in the school-ground unit was repeated two years after 
the initial 2007 experience, again involving the construction of a model of animal 
movement. The centipede example in Chapter 3 was from 2007 while the techno-
worm in Chapter 1 was from 2009. In the second iteration the teachers gave less 
time to the construction phase, less support to students to amass standard modeling 
materials such as clay or lego, and there was a much more explicit focus on the 
purpose of the model to represent movement, distinct from physical reproduction of 
SAUCEPAN AT REPRESENTATION
AT 100°C
SAUCEPAN AT REPRESENTATION
AT 23°C
what we imagine
Figure 7.12. Student’s particle models of matter.
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the animal. In 2009 Lauren, for instance, in moving round groups as they worked, 
focused their attention explicitly on the need to clearly model movement:
The people that are going to be representing [movement of] worms somehow, 
you are going to really think how you are going to show [movement], and what 
kind of [pause] equipment [pause] material you are going to use to represent that? 
[19:18] “They are good, great diagrams. You don’t have to draw the exact 
creature, but you have to show how it actually moves. Order, when that one 
goes when, [points out] when that one goes when.” [Clarifies], so the front 
legs moves, 
[21:08] “Now do they move together? At the same time? So how are you going 
to show me that?”
[21: 51] Show me in a diagram, show how it moves, that is interesting [reads 
annotations] the back one moves, then the middle one moves, then the back 
one moves again. Is that every time it … 
The result was that the models in this second iteration were less focused on 
reproducing the animal’s overall structure and more focused on the movement 
structures and mechanisms. The models from these occasions were classified into 
three groups: those that described the form of the animal generally (Level 1), those 
that modelled the physical structures of movement but required separate explanation 
to show how the movement occurred (Level 2), and those where the model attempted 
to model both movement structures and processes (Level 3). Both the centipede and 
techno-worm were level 3 models. The breakdown of numbers of models across 
these categories, shown in Figure 7.13, demonstrates the move towards explanatory 
abstraction supported by Lauren’s explicit scaffolding. 
Number of models at
different levels 2009
Number of models at
different levels 2007
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explanatory of
movement
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descriptive of
movement
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form only
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Figure 7.13. Comparison of explanatory abstraction in models in 2007 and 2009.
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CONCLUSIONS
The accounts of the teaching sequences that have been presented in this chapter do 
not include all activities that were undertaken by the students and their teacher but 
do provide insights into the representation construction approach that require the 
students to gain some understanding of the canonical models that underpin each 
topic. In the case of the topic of astronomy the key scientific model is the visual/
spatial Copernican/ heliocentric model, which involves a rotating spherical earth 
revolving around a spherical sun and a rotating spherical moon rotating around the 
earth. In the case of the topic of Ideas about Matter the key scientific model is the 
abstract particle model, which has several key elements, such as particle movement 
and attraction between particles. The particle model in reality is not a unitary 
entity, but encompasses a multitude of possible models / representations – of bond 
arrangements, of modes of interaction, of shapes – that are played out for instance 
in the multitude of animations we might find on YouTube. These models can be of 
a variety of modes and types, from physical reproduction to quite abstract. The term 
‘particle model’ or ‘particle theory’ is thus code for a complex and situated range 
of modeling practices and resources that allow us to explain an enormous range of 
phenomena. It was this feature of models that informed the teaching and learning 
of the topics of Astronomy and Ideas about Matter. The models that the students 
produce, of particle arrangements and bonding to explain macroscopic properties 
of materials, or particular representations of the sun-moon system, are imaginative 
extensions of representational resources to solve a particular problem. They are 
situated and individual, unresolved and approximate. 
We claim that these student generated models differ from ‘scientific’ models 
not in any principled way, because of this unresolved and approximate character, 
but rather in the degree of ‘finish’ that comes in science by extended processes of 
development, challenge, appeal to evidence, and peer acknowledgement. Scientific 
models are constructed and modified to account for as many attributes of the target 
as possible. They are ‘stretched’ as part of the scientific modeling game (Gilbert & 
Boulter, 1995). We would argue that modeling practice in science moves from first, 
speculative constructions, possibly individual but often the result of group processes, 
to more refined and evidence-based, peer-reviewed models. This being the case, 
they are always selective, focused on solving particular problems, and incompletely 
resolved, as is the case with student models. These student models cannot be thought, 
then, as somehow illegitimate. 
Even with a physical system such as the sun-earth-moon, the heliocentric model 
is code for a complex of associated models. While it might be initially tempting to 
consider a scale model of the system as a ‘complete’ sun-earth-moon model, models 
always involve a degree of abstraction – a system cannot be a model of itself. The 
situated models through which we might focus on particular aspects of the behavior 
of the system, from different perspectives, include abstractions like tables and graphs 
and targeted perspectival distortions. 
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Each of these models /representations focused on explaining a specific aspect of a 
phenomenon. These representations might be thought of as particular windows into 
the system that help explain aspects of phenomena. They are tools through which we 
see the system in particular and fresh ways. They are models by virtue of the fact that 
they are explicitly constructed and to some extent resolved abstractions intended to 
offer explanation/interpretation. The RILS teachers over time refined their strategies 
to encourage their students to model in a more selective, focused way, as illustrated 
by the animal movement modeling case.
This distinction between the refined, ‘stretched’ models of science, and students’ 
less resolved, speculative models, can be informed by our distinction between 
representations and models. These models are all representations in that they purport 
to signify an aspect of the real world, the referent. However, in constructing and 
refining and communicating these models/representations we have offered many 
instances of students using informal, contingent and ephemeral representations such 
as gestures, turns of phrase or preliminary sketches that are not intended to offer 
a resolved version of a phenomenon but are part of the resources constituting an 
integral part of the modeling practice. Such representations we do not consider as 
models – they are transitory and lack considered intention to represent, as is the case 
with a model. 
Through the representational construction approach the students were often 
challenged to construct models not only to demonstrate their understanding but also 
to use them as tools to solve problems. This sustained modeling practice provided 
students not only with access to substantive astronomical or particle ideas but also 
into this fundamental process through which scientists generate models to generate 
explanatory accounts (Schwarz & White, 2005). Models in science are generated to 
solve contextual problems and are part of the situated activity around which ideas are 
generated to make sense of phenomena. Similarly, student model generation should 
be situated in a genuine need to explain or solve a problem and are legitimate as 
representations and not subservient to canonical versions. This was the case in both 
teaching sequences. The students often generated models in response a challenge to 
explain or solve a problem, which were not the canonical versions and would never 
be seen in any textbook, but were nonetheless legitimate from the perspective of 
satisfying the purpose for which they were constructed.
Apart from learning to understand scientific phenomena though the use of 
models and actively participating in the modeling processes another important 
student learning outcome is to understand the role of models; meta-representational 
understanding. By constructing and peer-critiquing these models the students 
enhanced their understanding concerning the principled need for adequacy and fit-
for-purpose of these models. Examples of such student outcomes were offered in 
Chapter 3. 
In this chapter we have described sustained modeling practices in science 
classrooms, as a particular perspective on the representation construction approach. 
These have led to substantial student engagement with key science ideas in astronomy 
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and substances. The approach differs in two important respects from traditional 
characterisation of modeling in school science: a) there is a strong focus on the 
construction and public negotiation of models that are informal and not necessarily 
consistent with canonical textbook accounts, and b) the key focus is on the use of 
models as tools to generate explanatory accounts, rather than on the achievement 
of coherent models envisaged as conceptual structures. We argue that traditional 
characterisations of mental models as key elements of conceptual change treat them 
as overly structural and resolved, and do not capture the way students, or scientists, 
develop these practices leading to the construction of complexes of refined, 
evidence-based models. We have argued that significant scientific models such as 
the particle model, or the heliocentric model of the solar system and associated 
earth-moon system models, in fact consist of a range of specific, situated models and 
modeling practices that constitute the representational resources that students need 
to build in order to engage in developing explanatory accounts of phenomena. What 
we are offering here is a successful pedagogy, but also an account of the ontogenesis 
of models as they are practised in science. Models do not appear from nowhere – 
the scientific community builds them from representations that are situated, multi 
modal, and often personal. This is the process we are describing, translated into the 
classroom, in these sequences.
